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Abstract
Aims Deep soil resources was not well quanti�ed under dryland conditions. This study aimed to quantify
the changes of deep soil water, soil organic carbon (SOC), and total nitrogen (TN) in alfalfa pasture, and
identify the relationships between root density and their changes.

Methods  Field experiment was conducted in the Loess Plateau in 2020 and 2021. Soil water, SOC, and
TN contents and alfalfa root density to 1000-cm-depth were measured in alfalfa pastures and an annual
crop reference �eld.

Results Soil water depletion by alfalfa mainly occurred in the �rst six years with a depletion rate of 41.6,
49.1, and 62.1 mm year-1 in the shallow (0-200 cm), middle (200-500 cm), and deep (500-1000 cm) soil
layers, respectively. Total depletion after six and 19 years were 916.8 and 1049.4 mm respectively. SOC
content in all layers increased and peaked six years after planting, with total storage in the 0-1000-cm-
pro�le of 74.6 kg m-2, 43.3% higher than in the reference �eld. TN storage in only the shallow layer
continuously increased and was 52.5% higher than that in the reference �eld after 19 years. Root density
explained the changes of soil water in the shallow and deep soil layer, SOC in the shallow and middle
layer, and TN only in the shallow soil layer.

Conclusions Although alfalfa pasture continuously reduced deep soil water, it showed great potential for
soil carbon and nitrogen sequestration. It should be stopped early (≤6years) to increase water
sustainability and maintain carbon and nitrogen sequestration e�ciencies.

Introduction
The Chinese Loess Plateau (CLP) is in the upper and middle reaches of the Yellow River with an area of
64×104 km2 (34°-41°N, 98°-114°E), there are large reserves of arable land, and it is one of the most
important farming areas in China (Wang et al., 2009; Ren et al., 2011). The region has a semiarid
monsoon climate, water resources are limited and yields of the traditional grain crop production system
are unstable (Wang et al., 2020). In addition, this area is characterized by deep loess deposits and has a
fragile ecosystem that is vulnerable to soil erosion (Li and Huang, 2008; Fu et al., 2016). The Chinese
government issued a series of environmental policies in the 1990s that promoted the establishment of
pasture and shrubland through the conversion of cropland on hill slopes to reduce soil erosion. Alfalfa
(Medicago sativa L.), a deep-rooted perennial legume crop, has high canopy coverage and pasture yields,
which was widely planted in the ecological rehabilitation project (Yuan et al., 2016). In addition, the price
of alfalfa hay increased greatly in recent years; more and more croplands were converted to alfalfa
pasture to increase the output of the farmland.

Introducing perennial pastures into farmland and redesigning the planting structures in a farming system
should consider soil water dynamics to maintain the sustainable development of the environment,
particularly in arid and semiarid regions (Beate and Haberlandt, 2002; Vereecken et al., 2014; Oldroyd and
Dixon, 2014). Alfalfa is a summer-active forage crop with a high evapotranspiration rate and deep rooting
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system that provides it access to water deeper in the soil than can be accessed by annual crops (Liu and
Shao, 2015; Huang et al., 2018). Research in Australia has shown that alfalfa can use at least 50 mm
more water than annual pastures or crops (Ridley et al., 2001), creating a larger soil water de�cit, leading
to potentially less groundwater recharge (Macfarlane, 1995). In the Loess Plateau, Li (1983) �rstly
observed that growing alfalfa continuously for six years produces a relatively dry layer in the deep soil
pro�le from 200 to1000 cm, indicating the potential adverse effects of the dry layer on regional
hydrological processes. Li and Huang (2008) found alfalfa to decrease soil water storage in the 0-500 cm
pro�le at a rate of 33.5 mm year-1 and suggested that the length of the alfalfa phase in rotation should
be less than eight years to restore soil water de�cit in farmland. A regional synthesis study in CLP had
shown that alfalfa soil water content (SWC) decreased by 14.3%, 27.0%, and 35.6% in the 0-5-, 5-10- and
> 10-year-old alfalfa �elds, respectively (Ali et al., 2021). However, long-term experiment was rarely
conducted. How the soil water de�cit in different layers developed with the planting ages of alfalfa is still
unclear, and how the adverse soil water environment in deep loess affects the carbon and nitrogen
sequestration has not yet been clari�ed.

Soil organic carbon (SOC) and total nitrogen (TN) storage play an essential role in sustainable
agriculture. Converting forest land and grassland to arable land is known to decrease the content of SOC
and TN whereas converting land under annual crops into perennial grasslands can increase carbon and
nitrogen sequestration (Su et al., 2007; Zhang et al., 2009). Land reclamation in the 1980 and 1990s on
the CLP caused severe soil erosion. Fu et al. (2010) suggested that reducing the SOC and TN by
decreasing native forestry or pasture can be slowed by improving soil management, such as increasing
the use of no-till and converting croplands to forestry or forestry pasture. Alfalfa pasture can �x nitrogen
and increase soil fertility, and sequestrate carbon dioxide from the atmosphere into deep soil layers
(Jiang et al., 2006). In the north of Culbertson in the USA, Sainju (2011) found that the SOC and TN in 0–
15 cm soil depth was greater in continuous alfalfa grassland than those in durum-barley (Hordeum
vulgare L.) hay and durum-foxtail millet (Setariaitalica L.) hay�eld. Research in the middle of the Hexi
Corridor region of China indicated that converting vegetable land to alfalfa land with low nitrogen
application could signi�cantly increase SOC and TN (Yu et al., 2020). Chen et al. (2017) found that SOC
and TN under alfalfa �elds in the CLP were 10% and 16% higher than cropland in 0-100 cm soil depth.
Song et al. (2021) also found that the SOC content under the 17-yr-old alfalfa �elds in the 0–20 and 20–
60 cm layers in the Loess Plateau, with average values of 12.38 and 9.77 g kg − 1, respectively, were
signi�cantly higher than those of fallow land. Most of the above studies focused on the carbon and
nitrogen in the surface soil layers, how the SOC and TN contents in the deep soil layers change with the
planting age of alfalfa, and soil water conditions are not well studied. This information is essential for
farming system design under the background of reducing chemical fertilizer application and trying to
achieve carbon neutrality. In addition, previous studies showed that the consequence of the long-term soil
carbon sequestration is at the cost of water depletion and soil desiccation on the CLP (Zhang and
Shangguan, 2016; Lan et al., 2021). The relationships between soil water depletion and soil carbon and
nitrogen stock changes in alfalfa �elds are unclear. There should be a way to increase carbon and
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nitrogen stock and reduce fertilizer use while not affecting water sustainability by properly using alfalfa
in farming system design.

Therefore, this study was conducted a) to quantify the effect of the long-term planting of alfalfa on SWC
in the 0-1000 cm pro�le and describe the dynamics of soil water storage depletion rate by alfalfa in
different soil depths; b) to analyse the distribution of SOC and TN contents in the 0-1000 cm pro�le and
describe the dynamics of SOC and TN storage increment in different soil layers after planting alfalfa; and
c) to demonstrate the relationships between soil water depletion and SOC and TN storage increment. The
results can help guide the e�cient and sustainable management of alfalfa pasture and annual crop
rotation practices in the CLP and in other similar regions.

Materials And Methods

Site description
The CLP region is in the upper and middle reaches of the Yellow River and covers arid and semiarid
temperate climate zones in the north and south, respectively. The spatial distribution of annual
precipitation is quite variable, with a mean level of 421.8 mm (Fig. S1). The yearly distribution of the
rainfall is also uneven, with approximately 60% occurring during the summer and autumn months. The
mean regional annual temperature is 9.0°C (Zhang et al., 2014). The plateau's altitude ranges between
1000–1600 m above sea level. The surface is covered by highly erodible loess layers approximately 100
m thick on average (Xin et al., 2011).

This study was carried out at the Qingyang Experimental Station of Lanzhou University, which is located
in the south of CLP (35°77′N, 107°51′E, and altitude 1297 m, Fig. S1). It has a semi-arid continental
monsoon climate, with an average annual temperature of 10.1°C and average precipitation of 567.9 mm
in recent 20 years (2001 − 2020). Rainfall occurred from June to September accounting for 63.4% of the
yearly total. The soil at the site is Heilu soil (the Los-Orthic Entisols based on the FAO soil classi�cation).
The soil has weak cohesion and high water retention, and also the soil is deep and prone to erosion.
Selected soil physical and chemical properties in the 0–1000 cm soil layer are shown in table S1.

Experiment design
Four pieces of alfalfa �elds in the experiment station were selected for testing. Samples were taken in
July 2020 under 3-, 6-, 11-, and 18-year-old alfalfa �elds, and in July 2021 under 4-, 7-, 12-, and 19-year-old
alfalfa �elds. All �elds have the same variety of “Longdong”, a widely used local variety, and they were
managed in similar measures according to local practices. Alfalfa was planted in August after harvesting
winter wheat in early July. Initial nitrogen fertilization of 80 kg ha− 1 and P2O5 fertilization of 120 kg ha−1

were applied before the planting, and no more fertilizer was applied during the growth cycle of alfalfa.
Two cuttings were conducted in the �rst year after planting, and three cutting were conducted in
approximately late May, mid-July, and late September in the following years. An annual crops �eld in the
experiment station was selected as a reference �eld; the planting history was winter wheat and maize



Page 5/26

rotation. Therefore, the experiment comprised nine treatments, namely, 3-, 4-, 6-, 7-, 11-, 12-, 18-, and 19-
year-old alfalfa �elds (M3, M4, M6, M7, M11, M12, M18, and M19) and the reference �eld (RF).

Sampling and measurements
In 2020 and 2021, alfalfa was cut three times on May 30, July 15, and September 25, respectively. After
each sampling, the alfalfa biomass yield was measured after drying in an oven at 65°C to constant
weight. The annual dry matter yield of alfalfa was the total amount of biomass sampled from three cuts.

Four replicate sampling points were selected in each �eld. The soil was sampled using a hand augur
(inner diameter of 80 mm) at depth intervals of 10 cm to 1000 cm. Subsamples were taken from soil
samples every 40-cm-depth to measure SWC; 25 subsamples were thus measured for each replicate. Soil
mass water content was measured by the oven-drying method and converted to volumetric SWC by
multiplying the bulk density value. Soil water storage (SWS, mm) and soil water de�cit (SWD, mm) in soil
layer i were calculated as:

SWSi =
n

∑
i=1

SWCi × Hi × 10

1

SWDi = SWSi ,A-SWSi ,R

2

where, SWCi (%) was soil water content in layer i, H i (cm) was height of soil layer i, SWSi,A mm and SWSi,R

are soil water storages in layer i in alfalfa and reference �elds respectively.

When measuring SOC (g kg-1) and TN (mg kg-1) contents, soil samples were classi�ed to 0–10, 10–30,
30–60, 60–100 cm in the 0-100 cm layer, and was classi�ed every 100 cm in depth in the 100–1000 cm
layer, 13 soil subsamples were thus measured for each replicate. The soil was further passed through a
0.25-mm sieve for the determination of SOC content. The SOC content was measured using a modi�ed
Walkley and Black method (Walkley & Black, 1934). We extracted 0.5 g soil samples with 5 mL of 0.8 mol
L− 1 K2Cr2O7 and 10 mL of concentrated H2SO4 at 150°C for 30 min, then titrated the extracts with 0.2 mol

L− 1 FeSO4. The soil TN content was measured via the Kjeldahl procedure (Foss Kjeltec 8400, FOSS, DK).
Blanks were included in each analysis to detect possible sources of contamination. SOC storage (SOCS,
kg C m− 2) and TN storage (TNS, kg N m− 2) in soil layer i were calculated as:

SOCS=0.01 × SOCi × Bi × Hi

3

TNS=0.01 × TNi × Bi × Hi
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4

where, BDi (g cm− 3) is soil bulk density in layer i and 0.01 is a conversion coe�cient.

The water depletion e�ciency for SOC accumulation (WDESOC) and TN accumulation (WDETN) were
de�ned to quantify how much SOC and TN were accumulated by per mm of water depletion:

WDESOC =
SOCSA − SOCSR

SWD

5

WDETN =
TNSA − TNSR

SWD

6

where, SOCSA and SOCSR are soil organic carbon storages in alfalfa and reference �elds, respectively;
and TNSA and TNR are soil total nitrogen storages in alfalfa and reference �elds, respectively.

The soil cores were put into nylon mesh bags and then washed carefully with tap water to remove all the
soil. The roots were scanned using a EPSON Scan (Expression 11000xl, Canada), and then the root
parameters were determined using WinRhizo software (version 5.0 Regent Instruments Inc., Quebec,
Canada) based on the images showing �ne roots. After the roots were scanned, the �ne roots (< 2 mm
diameter) length density (FRLD, cm cm− 3) was calculated as follows:

FRLD=
FRL
Vs

7

Where FRL is �ne root length (cm); and Vs is the volume of sampling soil (cm− 3).

Date analysis and statistics
Statistical analyses were performed using the SPSS 25.0 software package (SPSS Inc., Chicago, IL, USA).
The measured data of soil water, SOC and TN contents were tested for normality and homogeneity, and
logarithmic transformations were performed when necessary. Soil was separated into shallow (0-200
cm), middle (200–500 cm), and deep (500–1000 cm) layers to simplify the analyses. A two-way analysis
of variance was used to analyze the effects of planting age and soil layer on SOC and TN storage. If a
signi�cant difference (P < 0.05) was detected among treatments, means were compared using Duncan’s
test. Associations between variables were assessed by linear and non-linear regression and correlation
analysis.
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Results

SWC and soil water storage depletion
Figure 1 shows the distribution of SWC in the 0-1000 cm soil pro�le in different aged alfalfa �elds
compared with that in RF. SWC in RF varied from approximately 20%-25%, with a mean value of 21.7%.
SWC in the pro�le of M3 was substantially lower than that of RF except for those values below 800-cm-
depth, averaged at 18.8%. The SWC of M4 was lower than that of M3 in the 0-300 and 500–1000 cm soil
layers, with a mean value of 17.0%. After six years of planting (M6), SWC in 0-400 cm nearly decreased to
the permanent wilting point; the mean value in the 0-1000 cm pro�le was 14.6%, 32.5% lower than that in
RF. From 6 to 19 years after planting, SWC showed few changes throughout the whole pro�le.

Figure 2 shows the amount of soil water storage depletion by alfalfa in the shallow (0-200 cm), middle
(200–500 cm), and deep (500–1000 cm) layers as changed with the age of alfalfa. Soil water depletion
was 144.8 and 149.5 mm in the shallow and middle layers in M3, respectively, and was only 85.2 mm in
the deep layer. The depletion increased substantially from three to six years after planting, reaching
249.5, 275.8, and 391.5 mm in the shallow, middle, and deep layers, respectively, in the 6-year-old alfalfa
�eld. However, the depletion rarely increased after six years of planting, especially in the shallow and
middle layers. The total amount of soil water depletion in 0-1000 cm pro�le were 373.3, 610.5, 916.8,
959.1, 966.4, 985.0, 1038.7, and 1049.4 mm in M3, M4, M6, M7, M11, M12, M18, and M19, respectively.
Exponential equations well �tted the relationships between soil water storage depletion and the age of
alfalfa (R2 > 0.95, P < 0.001).

SOC content and SOC storage increment
Figure 3 shows the distribution of SOC content in the 0 − 1000 cm soil pro�le in different aged alfalfa
�elds compared with that in RF. SOC content exponentially decreased with the soil depth in the 0-200 cm
layer and maintained relatively stable values in the below layers. RF had the lowest values throughout the
whole pro�le, while M6 maintained the highest. After three years of planting, the SOC contents throughout
the 0-800 cm soil pro�le signi�cantly increased and continued until six years of planting. Compared with
M6, the SOC contents under M7 decreased and showed few further changes after seven years of
planting. Averaged over the whole pro�le, the SOC content in RF, M3, M4, M6, M7, M11, M12, M18, and
M19 were 4.7, 5.9, 6.2, 6.8, 6.2, 6.1, 6.3, 6.1 and 6.2 g kg− 1, respectively.

Figure 4 shows SOC storage in the shallow (0-200 cm), middle (200–500 cm), and deep (500–1000 cm)
layers in different aged alfalfa �elds and RF. Both alfalfa planting age and soil layer showed signi�cant
effects on SOC storage (P < 0.001), while their interaction had no signi�cant effect (P > 0.05). SOC storage
under alfalfa �elds was signi�cantly higher than that under RF for all soil layers. M6 and RF had the
highest and lowest values, respectively. The total amount of SOC storage in 0-1000 cm was as high as
74.6 kg m− 2 in M6, 43.3% higher than that in RF.
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Figure 5 shows the SOC storage increment in different aged alfalfa �elds than RF. The increment
increased substantially from three to six years after planting, reaching the maximum value of 7.0, 6.1,
and 9.5 kg m− 2 in the shallow, middle, and deep soil layers, respectively, in the 6-year-old alfalfa �eld. The
increment decreased from six to eleven years after planting and maintained stable values after that. The
Gaussian functions well �tted the relationships between SOC increment and alfalfa planting age(R2 > 
0.80, P < 0.05).

TN content and TN storage increment
Table 1 lists the soil TN content in the 0-1000 cm pro�le in different treatments. Soil TN content
decreased with soil layers, that in the shallow 0-100 cm layer was much higher than below layers, with
values all greater than 0.5 g kg− 1. The TN content in the 0-200 cm layer was signi�cantly increased after
planting alfalfa, and it continuously increased with the planting age of alfalfa. The highest values were
found in M18, M19, M12, M12, and M19 in 0–10, 10–30, 30–60, 60–100, and 100–200 cm layers,
respectively. There was no signi�cant difference in soil TN content among different treatments below the
200-cm-depth.
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Table 1
The contents of total nitrogen (g kg− 1) in the 0 − 1000 cm soil pro�le under different treatments. RF refers
to annual crop �eld and M3, M4, M6, M7, M11, M12, M18, and M19 represent 3-, 4-, 6-, 7-, 11-, 12-, 18-, and

19-year-old alfalfa �elds, respectively. Values are means ± standard deviations.
Soil
layer
(cm)

RF M3 M4 M6 M7 M11 M12 M18 M19 P
value

0–10 0.64 
± 
0.14

1.09 
± 
0.02

1.27 
± 
0.14

1.31 
± 
0.13

1.53 
± 0.12

1.69 
± 0.14

1.43 
± 0.04

1.97 
± 0.27

1.90 
± 0.05

P < 
0.001

10–30 0.71 
± 
0.21

0.93 
± 
0.10

1.01 
± 
0.05

0.94 
± 
0.06

1.08 
± 0.06

1.08 
± 0.09

1.07 
± 0.09

1.10 
± 0.16

1.16 
± 0.04

P < 
0.05

30–60 0.49 
± 
0.05

0.61 
± 
0.12

0.72 
± 
0.03

0.73 
± 
0.04

0.70 
± 0.05

0.76 
± 0.08

0.78 
± 0.06

0.72 
± 0.03

0.75 
± 0.12

P < 
0.05

60–
100

0.52 
± 
0.11

0.66 
± 
0.06

0.64 
± 
0.05

0.67 
± 
0.05

0.64 
± 0.08

0.65 
± 0.07

0.68 
± 0.07

0.64 
± 0.10

0.65 
± 0.13

P < 
0.001

100–
200

0.33 
± 
0.12

0.38 
± 
0.07

0.44 
± 
0.07

0.42 
± 
0.11

0.45 
± 0.08

0.45 
± 0.08

0.43 
± 0.03

0.43 
± 0.01

0.48 
± 0.10

P < 
0.05

200–
300

0.30 
± 
0.07

0.33 
± 
0.04

0.30 
± 
0.09

0.27 
± 
0.05

0.28 
± 0.07

0.26 
± 0.03

0.30 
± 0.08

0.26 
± 0.09

0.29 
± 0.07

NS

300–
400

0.27 
± 
0.06

0.30 
± 
0.02

0.28 
± 
0.07

0.29 
± 
0.05

0.28 
± 0.06

0.29 
± 0.04

0.28 
± 0.02

0.26 
± 0.05

0.30 
± 0.02

NS

400–
500

0.28 
± 
0.01

0.31 
± 
0.01

0.33 
± 
0.02

0.37 
± 
0.02

0.35 
± 0.02

0.35 
± 0.01

0.34 
± 0.05

0.29 
± 0.08

0.33 
± 0.04

NS

500–
600

0.31 
± 
0.07

0.31 
± 
0.01

0.32 
± 
0.01

0.34 
± 
0.04

0.37 
± 0.03

0.34 
± 0.02

0.36 
± 0.05

0.31 
± 0.05

0.32 
± 0.03

NS

600–
700

0.31 
± 
0.01

0.32 
± 
0.02

0.31 
± 
0.02

0.33 
± 
0.03

0.35 
± 0.01

0.33 
± 0.06

0.37 
± 0.03

0.31 
± 0.06

0.34 
± 0.03

NS

700–
800

0.31 
± 
0.06

0.31 
± 
0.02

0.33 
± 
0.01

0.31 
± 
0.04

0.34 
± 0.06

0.34 
± 0.03

0.33 
± 0.04

0.29 
± 0.04

0.32 
± 0.02

NS

800–
900

0.25 
± 
0.10

0.27 
± 
0.02

0.27 
± 
0.06

0.25 
± 
0.04

0.26 
± 0.03

0.25 
± 0.02

0.27 
± 0.03

0.23 
± 0.04

0.27 
± 0.03

NS
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Soil
layer
(cm)

RF M3 M4 M6 M7 M11 M12 M18 M19 P
value

900–
1000

0.24 
± 
0.01

0.24 
± 
0.03

0.23 
± 
0.06

0.26 
± 
0.03

0.28 
± 0.02

0.23 
± 0.01

0.26 
± 0.02

0.23 
± 0.01

0.23 
± 0.02

NS

Figure 6 shows soil TN storage in the shallow (0-200 cm), middle (200–500 cm), and deep (500–1000
cm) layers in different treatments. TN storage in the shallow layer differed a lot among treatments, with
M19 had the largest value of 1.83 kg m− 2 and RF had the lowest value of 1.20 kg m− 2. TN storage was
not signi�cantly increased with the age of alfalfa in the below layers. Summed over the 0-1000 cm soil
pro�le, TN storage were 4.14, 4.58, 4.67, 4.68, 4.96, 4.86, 4.79 4.76 and 4.95 kg m− 2 in RF, M3, M4, M6,
M7, M11, M12, M18, and M19, respectively.

Figure 7 shows the dynamics of soil TN increment after the planting of alfalfa. We can see that TN
increment was exponentially increased with the age of alfalfa in the shallow soil layer (P < 0.05); however,
in the middle and deep soil layers the increment was rarely changed, the regression showed insigni�cant
changing tendencies (P > 0.05).

Root distribution and the relationships with SWD, SOC and
TN
The distribution of FRLD in the 0-1000 cm soil pro�le under the different aged alfalfa �elds is shown in
Fig. 8. The FRLD had a similar vertical pattern under all treatments, decreasing exponentially in the
shallow 200 cm soil depth and maintaining stable values below in the below layers. Speci�cally, alfalfa
roots in M3 are distributed within the 0-800cm soil depth, and after four year’s planting, the roots are
distributed to the 1000-cm-depth. The FRLD in the 0-200 cm soil layer in M3 was signi�cantly lower than
that in M4, while that in the below layers was not signi�cantly different (Fig. 8a). Also, no apparent
difference in FRLD was found between M6 and M7, M11 and M12, and M18 and M19, except in 0–10 cm
between M6 and M7.

Figure 9 compares the average FRLD in the shallow (0-200 cm), middle (200–500 cm), and deep (500–
1000 cm) layers among different treatments. The FRLD in the shallow layer was much higher than in the
below layers. In every soil layer, the FRLD largely increased from three to six years after planting alfalfa
and gradually decreased after that (in shallow and middle layers) or maintained a stable value (in deep
layer).

Figure 10 shows the linear regressions of FRLD with soil water depletion, SOC storage increment, and TN
storage increment. In the in shallow soil layer, all the regressions were signi�cantly positive, root density
well explained the soil water depletion and SOC and TN increments. However, in the below layers, the
regressions were only signi�cant for SOC storage increment in middle layer and for soil water depletion in
the deep layer. When the regression was made separately for different aged alfalfa, we found that SOC
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storage increment in deep soil was also signi�cantly positively related with FRLD in 3, 4, and 6 years old
alfalfa �elds (Fig. S2).

Discussion

Soil water depletion
Deep-rooted plants will take up deep soil water when water in shallow soil water availability is limited
(Zhang et al., 2020). Over depletion of deep soil water would form a dried soil layer, described as the soil
layer with a water content range between the permanent wilting point and the stable �eld capacity (Li,
1983). Previous studies on the CLP have mainly discussed the dried soil layer caused by afforestation
(Deng et al., 2016; Su and Shangguan, 2019). We focused on alfalfa, the most widely planted pasture on
the CLP, for environmental conservation and farming system diversi�cation. We found that soil water
depletion in the shallow (0-200 in-depth), middle (200–500 cm in-depth), and deep (500–1000 cm in-
depth) soil layers in the alfalfa �eld was as high as 262.0, 317.3, and 470.1 mm, respectively, after 19
years of planting, with the total amount of water depletion of 1049.4 mm. The value was comparable
with the depletion in 200–1000 cm layer of 844 mm in a 16-year-old alfalfa �eld reported by Li and
Huang (2008). The total depletion was also comparable with the values of 1139.6-1169.3 mm that
occurred in a 36-year-old arti�cial forest in the north CLP (Lan et al., 2021), and the value of 1106 mm
reported in a 20-year-old apple orchard (Zhang et al., 2017), indicating that the perennial pasture or tree
species depleted soil water to the approximately permanent wilting point after long-term of planting.

Besides, we described the dynamic of water depletion as changing with the planting age of alfalfa in this
work. The depletion was mainly occurred during the �rst six years after planting with a depletion rate of
41.6, 49.1, and 62.1 mm year− 1 in the 0-200, 200–500, and 500–1000 cm soil layers, respectively, while
the corresponding rate from 6–19 years after planting were only 1.0, 1.7, and 7.5 mm year− 1. We found
exponential equations could well �t the relationships between soil water storage depletion and the age of
alfalfa in different soil layers. A �eld experiment conducted in north CLP showed a similar decreasing
pattern; soil water storage in alfalfa �eld decreased approximately 300 mm after three years of planting
and slowly decreased by only 100 mm from 3–15 years after planting (Jia et al., 2009).

Alfalfa returns green early in the spring and is harvested twice a year in the north CLP and three times in
the central and south CLP. The high soil water depletion rate of alfalfa was mainly due to the high
coverage and annual long coverage time compared to annual crops (Liu and Shao, 2015). Alfalfa extends
its roots in deep soil in the early ages to deplete soil water and sustain a high production under rain-fed
conditions. We validated that the alfalfa root system was distributed in the entire 0-1000 cm soil layer
after four years of planting. Water depletion in the deep soil layer showed a signi�cant positive
relationship with FRLD, indicating that the root system absorbed deep soil moisture to sustain alfalfa
production. When deep soil availability decreased after several years of planting, water use and yield of
alfalfa would gradually decrease (Li and Huang, 2008; Ren et al., 2011; Gu et al., 2018). We found that
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yield of alfalfa biomass decreased after six years of planting (Fig. S3), which paralleled well with the
dynamic of deep soil water content.

SOC and TN storage increment
The establishment of either forest or pasture on degraded cropland has been proposed as an effective
method for climate change mitigation because these land-use types can increase SOC stocks (Ashagrie
et al., 2007; Deng et al., 2014). This study investigated the dynamic of SOC in the deep soil layer and
found that the SOC contents in the whole 0-1000 cm soil pro�le all increased after the annual crop �eld
converting to alfalfa pasture. The SOC increment was 43.3% higher in the six-year-old alfalfa �eld than in
the annual crop �eld, indicating the excellent carbon sequestration potential of planting alfalfa on the
deep loess. Averaged over different aged �elds, SOC storage in the 200–1000 cm layer accounted for
70.1% of the total storage in the 0-1000 cm layer. Therefore, it is also indicated that alfalfa �elds store
large amounts of SOC below the topsoil pro�le. Soil carbon storage might have been greatly
underestimated in this area and other similar regions if only soil carbon in the shallow layers were
considered.

SOC was mainly affected by the input, decomposition, and transformation of organic matter in different
soil layers (Rumpel and Kögel-Knabner, 2011). The residue of annual crops was commonly removed from
the �eld, whereas that of alfalfa would not be harvested after the last cut and covered the �eld
throughout the winter (Wang et al., 2020). On the other hand, alfalfa pasture has many roots in the
shallow soil layer (Fig. 8), which are essential for soil organic matter formation. Therefore, the higher SOC
content in the 0-200 cm in alfalfa �elds mainly resulted from both above- and below-ground biomass
input into the soil. Additionally, Mu et al. (2014) indicated that the addition of nitrogen derived from
nitrogen-�xing legume species could lower soil carbon decomposition, which might be another important
reason for surface soil organic carbon accumulation. In middle and deep soil layers (200–1000 cm in-
depth), the formation of SOC is mainly affected by root distribution and activities (Lan et al., 2021).
Initially, organic matter from roots contributes to carbon's coarse and light fractions. Under long-term
stable conditions, carbon is transferred slowly from the light fractions to the heavy or �ne fractions
(Jiang et al., 2006). From the life cycle point of view, we also found that the SOC storage in the alfalfa
�eld peaked at the planting age of six-year-old. This might be because deep soil water was depleted and
the reduced above- and below-ground alfalfa biomass production limited soil organic matter formation.
Meanwhile, the alfalfa roots remained active in the middle and late ages (Fig. 8) and increased the
decomposition of soil organic matter (Li et al., 2019).

In general, soils in pasture-based cropping systems contain a higher proportion of N fractions and can
therefore generate savings of N fertilizer (Jiang et al., 2006). Alfalfa can derive N from symbiotic �xation,
which was expected to have a synergetic positive effect on soil N. We found TN storage in the top 200 cm
soil layer steadily increased with the planting age of alfalfa. However, in the below layers (200–1000 cm),
soil N content was not signi�cantly different among different aged alfalfa �elds, soil N was less affected
by existence of alfalfa than SOC. Soil nutrients balance is governed by the quantities of fertilizer added to
soil and those of nutrients uptake by plants. We found that soil TN was positively related to FRLD in the
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0-200 cm layer (Fig. 10), massive root system contributed to the soil TN accumulation. Therefore, soil TN
in the shallow layers resulted from both biological N2 �xation, larger litter input, and �ne root biomass
decomposition (Zhang et al., 2009; Li et al., 2019). However, decomposition of root biomass was the
primary nitrogen source in the middle and deep soil layers (200–1000 cm), which might be balanced by
plant uptake to support plant growth. Rotating alfalfa pasture with annual grain crops would be an
e�cient way to save fertilizer and improve farming system sustainability.

Water depletion e�ciency for SOC and TN increment
In the arid and semiarid areas, the consequence of the long-term soil carbon sequestration in arti�cial
forests and pastures is at the cost of water depletion and soil desiccation (Li et al., 2019). To quantify the
trade-off between soil carbon and nitrogen accumulation and soil water consumption in the alfalfa �eld,
we made regressions between soil water depletion and SOC and TN storage increment (Fig. S4). Large
amounts of carbon accumulation in early ages contributed to the high water-depletion e�ciency, with
values of 30.2, 26.2, 24.6, and 16.5 g m− 2 SOC increment mm− 1 water depletion for 3-, 4-, 6-, and 7-year
old alfalfa �elds. The e�ciency decreased with the alfalfa planting age. At 19 years after planting, alfalfa
consumed 1049.4 mm soil water storage in the 0-1000 cm pro�le and increased SOC storage by 13.1 kg
m− 2, with the average water depletion e�ciency of 12.4 g m− 2 SOC increment mm-1 water depletion. The
e�ciency is signi�cantly higher than the value of 0.81 g m− 2 SOC increment mm-1 water depletion
reported by Lan et al. (2021) for forest �elds, as they detected only 0.94 kg m− 2 SOC increment. In
comparison, the e�ciency for nitrogen accumulation linearly increased with the planting age of alfalfa in
the 0-200 cm layer and slightly decreased in the 200–500 and 500–1000 cm layers (Fig. S4). Therefore,
short-term cultivation of alfalfa pasture was more e�cient for carbon accumulation, while long-term
cultivation was more favorable for nitrogen accumulation.

The conversion of agricultural land from shallow-rooted annual crops to deep-rooted species such as
perennial pasture will impact the regional hydrological cycle, especially groundwater recharging (Acharya
et al., 2018). The deep soil water depletion was very di�cult to recover, as indicated by previous studies
on apple orchards (Zhang et al., 2020) and alfalfa pasture (Ali et al., 2021). In addition, carbon
accumulation and water depletion e�ciency for carbon accumulation decreased in the middle and late
ages of alfalfa, and the advantage of carbon sequestration by alfalfa pasture gradually disappeared.
Therefore, in the perspective of water sustainability and carbon accumulation, the long-term alfalfa to
long-term annual crop rotation pattern should be converted to short-term alfalfa and short-term annual
crop pattern to maintain the length of alfalfa phase in local cropping systems, reduce risks of soil
desiccation, and increase soil carbon sequestration.

Conclusion
We investigated the effects of continuous alfalfa planting on soil water, carbon and nitrogen storage in
deep loess. We found soil water depletion by alfalfa mainly occurred in the early ages of alfalfa, and deep
soil water storage contributed substantially to alfalfa water use. The SOC storage in all shallow, middle,
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and deep soil layers continuously increased from 3 to 6 years after planting, peaked in the 6-year-old
alfalfa �eld, and decreased gradually in the following ages. The soil TN storage only in the shallow layer
increased with the age of alfalfa. The deep rooting system of alfalfa derived soil water depletion and SOC
and TN increments, especially those in the shallow layer. We suggest short-term alfalfa pasture and short-
term annual crop rotation for the deep loess area to increase soil carbon and nitrogen stocks while
reducing the risk of soil desiccation.

Declarations
Acknowledgments

This study was jointly supported by the National Natural Science Foundation of China (31871560) and
China Forage and Grass Research System (CARS-34).

Author contribution 

ZW designed the study. LW and AG set up and conducted the �eld experiment, performed laboratory
works and data statistical analyses. ZW and LW drafted the manuscript with suggestions from all the co-
authors.

Data availability 

We con�rm that, should the manuscript be accepted, the data supporting the results will be available by
request from the corresponding author.

Con�icts of interest/Competing interest

The authors declare that they have no con�ict of interest or competing interest.

References
1. Acharya B, Kharel G, Zou C, Wilcox B, Halihan T (2018) Woody plant encroachment impacts on

groundwater recharge: a review. Water 10:1466

2. Ali G, Wang Z, Li X et al (2021) Deep soil water de�cit and recovery in alfalfa �elds of the Loess
Plateau of China. Field Crops Research 260:107990

3. Ashagrie Y, Zech W, Guggenberger G, Mamo T (2007) Soil aggregation, and total and particulate
organic matter following conversion of native forests to continuous cultivation in Ethiopia. Soil &
Tillage Research 94:101–108

4. Beate K, Haberlandt U (2002) Impact of land use changes on water dynamics-a case study in
temperate meson and macro-scale river basins. Phys Chem Earth 27:619–629

5. Chen X, Hou. F, Matthew C, He X (2017) Soil C, N and P stocks evaluation under major land uses on
china's Loess plateau. Rangel Ecol Manage 70:341–347



Page 15/26

�. Deng L, Liu GB, Shangguan ZP (2014) Land-use conversion and changing soil carbon stocks in
China's 'Grain-for-Green' program: a synthesis. Glob Chang Biol 20:3544–3556

7. Deng L, Yan WM, Zhang YW, Shangguan ZP (2016) Severe depletion of soil moisture following land-
use changes for ecological restoration: evidence from northern China. For Ecol Manage 366:1–10

�. Fu X, Shao M, Wei X et al (2010) Soil organic carbon and total nitrogen as affected by vegetation
types in Northern Loess Plateau of China. Geoderma 155:31–35

9. Fu BJ, Wang S, Liu Y, Liu JB, Liang W, Miao CY (2016) Hydro- geomorphic ecosystem responses to
natural and anthropogenic changes in the Loess Plateau of China. Annual Rev Earth Plan Sci
45:223–243

10. Gu Y, Han C, Fan J, Shi X, Kong M, Shi X, Siddique KHM, Zhao Y, Li F (2018) Alfalfa forage yield, soil
water and P availability in response to plastic �lm mulch and P fertilization in a semiarid
environment. Field Crop Res 215:94–103

11. Huang Z, Yu L, Zeng C, Yan F, Wu GL (2018) Soil water storage de�cit of alfalfa (medicago sativa)
grasslands along ages in arid area (China). Field Crops Research 221:1–6

12. Jia Y, Li F, Zhang Z, Wang X, Guo R, Siddique KHM (2009) Productivity and water use of alfalfa and
subsequent crops in the semiarid Loess Plateau with different stand ages of alfalfa and crop
sequences. Field Crops Research 114:58–65

13. Jiang HM, Jiang JP, Jia Y, Li FM, Xu JZ (2006) Soil carbon pool and effects of soil fertility in seeded
alfalfa �elds on the semi-arid Loess Plateau in China. Soil Biol Biochem 38:2350–2358

14. Lan Z, Zhao Y, Zhang J, Jiao R, Khan MN, Sial TA, Si B (2021) Long-term vegetation restoration
increases deep soil carbon storage in the Northern Loess Plateau. Sci Rep 11:13758

15. Li H, Si B, Ma X, Wu P (2019) Deep soil water extraction by apple sequesters organic carbon via root
biomass rather than altering soil organic carbon content. Sci Total Environ 670:662–671

1�. Li Y (1983) The properties of water cycle in soil and their effect on water cycle for land in the Loess
Plateau. Acta Ecol Sin 3:91–101

17. Li Y, Huang M (2008) Pasture yield and soil water depletion of continuous growing alfalfa in the
Loess Plateau of China. Agric Ecosyst Environ 124:24–32

1�. Liu B, Shao MA (2015) Modeling soil–water dynamics and soil–water carrying capacity for
vegetation on the Loess Plateau, China. Agr Water Manage 159:176–184

19. Macfarlane McCrawfordmr (1995) Lucerne reduces soil moisture and increases livestock production
in an area of high groundwater recharge potential. Australian J Experimental Agric 35:171–180

20. Mu L, Liang YL, Han RL (2014) Assessment of the soil organic carbon sink in a project for the
conversion of farmland to forestland: a case study in Zichang County, Shaanxi, China.PLoS One9
(4), e94770

21. Oldroyd GE, Dixon R (2014) Biotechnological solutions to the nitrogen problem. Curr Opin Biotechnol
26:19–24



Page 16/26

22. Ren X, Jia Z, Wan S (2011) The long-term effects of alfalfa on soil water content in the Loess
Plateau of northwest China. Afr J Biotechnol 10:4420–4427

23. Ridley AM, Christy B, Dunin FX, Haines PJ, Ellington A (2001) Lucerne in crop rotations on the riverine
plains. 1. the soil water balance. Crop and Pasture Science 52(2):263–277

24. Rumpel C, Kögel-Knabner I (2011) Deep soil organic matter—a key but poorly understood component
of terrestrial C cycle. Plant Soil 338:143–158

25. Sainju UM, Lenssen AW (2011) Dryland soil carbon dynamics under alfalfa and durum-forage
cropping sequences. Soil Till Res 113:30–37

2�. Song X, Fang C, Yuan ZQ et al (2021) Long-Term Growth of Alfalfa Increased Soil Organic Matter
Accumulation and Nutrient Mineralization in a Semi-Arid Environment. Front Environ Sci 9:649346

27. Su B, Shangguan Z (2019) Decline in soil moisture due to vegetation restoration on the Loess
Plateau of China. Land Degrad Dev 30:290–299

2�. Su YZ (2007) Soil carbon and nitrogen sequestration following the conversion of cropland to alfalfa
forage land in northwest China. Soil Till Res 92:181–189

29. Vereecken H, Huisman JA, Pachepsky Y, Montzka C, Kruk JVD, Bogena H, Weihermüller L, Herbst M,
Martinez G, Vanderborght J (2014) On the spatiotemporal dynamics of soil moisture at the �eld
scale. J Hydrol (Amst) 516:76–96

30. Walkley A, Black IA (1934) An examination of the Degtjareff method for determining soil organic
matter and a proposed modi�cation of the chromic acid titration method. Soil Sci 37:29–38

31. Wang Y, Zhang X, Huang C (2009) Spatial variability of soil total nitrogen and soil total phosphorus
under different land uses in a small watershed on the Loess Plateau, China. Geoderma 150:141–149

32. Wang Z, Jiang H, Shen Y (2020) Forage production and soil water balance in oat and common vetch
sole crops and intercrops cultivated in the summer-autumn fallow season on the Chinese Loess
Plateau. Eur J Agron 115:126042

33. Xin ZB, Yu XX, Li QY, Lu XX (2011) Spatiotemporal variation in rainfall erosivity on the Chinese Loess
Plateau during the period 1956–2008. Reg Environ Change 11:149–159

34. Yu T, Lin F, Liu X et al (2020) Recovery Role in Soil Structural, Carbon and Nitrogen Properties of the
Conversion of Vegetable Land to Alfalfa Land in Northwest China. J Soil Sci Plant Nutr 20:1366–
1377

35. Yuan Z, Yu K, Epstein H, Fang C, Li J, Liu Q, Liu X, Gao W, Li F (2016) Effects of legume species
introduction on vegetation and soil nutrient development on abandoned croplands in a semi-arid
environment on the Loess Plateau, China. Sci Total Environ 541:692–700

3�. Zhang B, Wu P, Zhao X, Gao X, Shi Y (2014) Assessing the spatial and temporal variation of the
rainwater harvesting potential (1971–2010) on the Chinese Loess Plateau using the VIC model.
Hydrol Process 28:534–544

37. Zhang T, Wang Y, Wang X, Wang Q, Han J (2009) Organic carbon and nitrogen stocks in reed
meadow soils converted to alfalfa �elds. Soil Till Res 105:143–148



Page 17/26

3�. Zhang YW, Shangguan ZP (2016) The coupling interaction of soil water and organic carbon storage
in the long vegetation restoration on the Loess Plateau. Ecol Eng 91:574–581

39. Zhang Z, Li M, Si B, Feng H (2017) Deep rooted apple trees decrease groundwater recharge in the
highland region of the Loess Plateau, China. Sci Total Environ 622–623:584–593

40. Zhang Z, Si B, Li M, Li H (2020) De�cit and recovery of deep soil water following a full cycle of
afforestation and deforestation of apple trees on the Loess Plateau China. Water 12:989

Figures

Figure 1

Soil water content in the 0−1000 cm pro�le in different aged alfalfa �elds as compared with reference
annual crop �eld. RF refers to the annual crop �eld; M3, M4, M6, M7, M11, M12, M18, and M19 represent
3-, 4-, 6-, 7-, 11-, 12-, 18-, and 19-year-old alfalfa �elds, respectively. The error bars are the LSDs at P= 0.05.
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Figure 2

Soil water depletion by alfalfa from shallow (0-200 cm), middle (200-500 cm), and deep (500-1000 cm)
soil layers and the regression line between soil water depletion and age of alfalfa. The error bars
represent standard deviations.
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Figure 3

Soil organic carbon content in the 0−1000 cm pro�le in different aged alfalfa �elds compared with
reference annual crop �eld. RF refers to the annual crop �eld; M3, M4, M6, M7, M11, M12, M18, and M19
represent 3-, 4-, 6-, 7-, 11-, 12-, 18-, and 19-year-old alfalfa �elds, respectively. The error bars are the LSDs
at P= 0.05.
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Figure 4

Soil organic carbon (SOC) storage in the shallow (0-200 cm), middle (200-500 cm), and deep (500-1000
cm) soil layers in different aged alfalfa �elds and annual crops �eld. RF refers to the annual crop �eld;
M3, M4, M6, M7, M11, M12, M18, and M19 represent 3-, 4-, 6-, 7-, 11-, 12-, 18-, and 19-year-old alfalfa
�elds, respectively. The error bars represent standard deviations.



Page 21/26

Figure 5

The changing trend of soil organic carbon storage increment in shallow (0-200 cm), middle (200-500 cm),
and deep (500-1000 cm) soil layers in alfalfa �elds as changed with the age of alfalfa. The error bars
represent standard deviations.
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Figure 6

Soil total nitrogen (TN) storage in shallow (0-200 cm), middle (200-500 cm), and deep (500-1000 cm) soil
layers in different aged alfalfa �elds and annual crops �eld. RF refers to the annual crop �eld; M3, M4,
M6, M7, M11, M12, M18, and M19 represent 3-, 4-, 6-, 7-, 11-, 12-, 18-, and 19-year-old alfalfa �elds,
respectively. The error bars represent standard deviations.
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Figure 7

Regression analysis of soil total nitrogen (TN) increment in shallow (0-200 cm), middle (200-500 cm), and
deep (500-1000 cm) soil layers in alfalfa �eld as changed with the age of alfalfa. The error bars represent
standard deviations.
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Figure 8

Vertical distributions of �ne root length density (FRLD) in 0-1000 cm depth pro�les in different aged
alfalfa �elds. M3, M4, M6, M7, M11, M12, M18, and M19 represent 3-, 4-, 6-, 7-, 11-, 12-, 18-, and 19-year-
old alfalfa �elds, respectively. The error bars represent standard deviations.
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Figure 9

Average �ne root length density (FRLD) in the shallow (0-200 cm), middle (200-500 cm), and deep (500-
1000 cm) soil layers in different aged alfalfa �elds. M3, M4, M6, M7, M11, M12, M18, and M19 represent
3-, 4-, 6-, 7-, 11-, 12-, 18-, and 19-year-old alfalfa �elds, respectively. The error bars represent standard
deviations.
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Figure 10

Relationship between �ne root length density and soil water depletion, soil organic carbon storage
increment, and soil total nitrogen storage increment in the shallow (0-200 cm), middle (200-500 cm), and
deep (500-1000 cm) soil layers in different aged alfalfa �elds.
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